INTRODUCTION
The objective of this study was to develop a new approach to monitor fertility based on 1 0 0 milk P4 measurements and the concepts of synergistic control (Mertens et al., 2009 ; Huybrechts 1 0 1 et al ., 2014; Maselyne, 2016) . It was hypothesized that a system which combines a mathematical 1 0 2 model to describe the P4 dynamics (Adriaens et al., 2017) with an online statistical control chart same milk samples pointed out that there was no difference in P4 concentrations (results not 1 3 2
shown). For further information on the sample collection, the P4 analysis and its accuracies, the 1 3 3 reader is referred to Adriaens et al., (2017) . Besides the milk P4 content, additional data of the 1 3 4 cows were collected to confirm the onset of estrus, ovarian problems or pregnancy. To identify 1 3 5 estrus or ovarian problems, the ovaries were checked by an expert veterinarian using an (2016 or 2017) and is explained in the following paragraphs. In addition, the uterus tonus was 1 4 0 checked through palpation during rectal examination by the expert as described by Bonafos et al. 1995) . A follicular cyst was defined as a follicular structure (cavity) larger than 20 mm, either or 1 4 2 not fully round and which persisted for more than 5 days on the ovaries in the absence of a CL 1 4 3 which was confirmed by the lack of serum (< 1 ng/mL) or milk P4 (< 5 ng/mL). Luteal cysts 1 4 4 were large structures (> 30 mm) with thick walls and often a cavity, persisting on the ovaries for 1 4 5 more than 5 days after the expected luteolysis, producing P4 and resulting on milk P4 being 1 4 6 higher than 5 ng/mL for more than 23 days. External estrous symptoms were scored visually, in 1 4 7 particular the occurrence of standing heat, which typically occurs 26.4±5.2 hours (mean±SD) 1 4 8 before ovulation (Roelofs et al., 2005) , and metestrous bleeding, which is indicative for the end 1 4 9 of the estrous period. Pregnancy was confirmed 40-50 days after insemination by rectal palpation 1 5 0 and ultrasonography (KX5200V scanner 6.5 MHz, Kai Xin, Jiangsu, China). In 2016, the herd consisted of 52 lactating dairy cows. Two months before the trial, cows were selected based on their stage of lactation and reproduction status. Only animals not 1 5 3 pregnant, cycling and beyond the voluntary waiting period of 30 days at the start of the trial were 1 5 4 eligible, leaving 16 cows in the study. From these, the ovarian status was synchronized using the 1 5 5
OvSynch protocol (Pursley et al., 1995) . Sixteen days after the last GnRH injection, the ovaries 1 5 6 of each cow were checked for the presence of a CL and luteal activity confirmed with a serum P4 1 5 7 sample > 1 ng/mL. Starting from day 19 after the last GnRH injection (typically 18 days from the 1 5 8 previous induced ovulation), the uterus tonus and the growth of a preovulatory follicle were 1 5 9 monitored daily until disappearance of the follicle. Seven to eleven days after the disappearance 1 6 0 of the follicle, the presence of a CL was checked to confirm ovulation (Roelofs et al., 2010) . If 1 6 1 abnormal structures (e.g. thick walled structures or follicles > 20 mm) were detected on the 1 6 2 ovaries, daily scanning continued until confirmation of cyst and treatment. In 2017, the herd consisted of 58 cows. Two months before the start of the sampling 1 7 0 period, the 28 cows which were beyond the voluntary waiting period and not confirmed pregnant 1 7 1 were selected. The cows suspected to have cysts based on the online measured P4 profile were cows, the online raw milk P4 profile was assessed visually to detect the moment at which a 1 7 5 consistent drop towards concentrations under 5 ng/mL started, staying below it for a period of at 1 7 6 least 24 hours. This moment was named the Herd Navigator P4-drop (HN-P4-drop) and indicates the possible onset of estrus. Accordingly, synchronization of ovarian status was no 1 7 8 longer needed. Between 15 to 50 hours after the HN-P4-drop, the ovaries were checked using 1 7 9 ultrasonography for the presence of a preovulatory follicle. If the ultrasound image was not clear, 1 8 0 scanning was continued daily upon detection of abnormalities or confirmation of ovulation. In 1 8 1 the meantime, the uterus tonus was monitored. Between 7 to 11 days after the HN-P4-drop, the 1 8 2 appearance of a CL confirmed ovulation. of at least 13 mm diameter on one of the ovaries, which disappeared and was replaced by a CL 1 8 7 on the same ovary 7 to 11 days later (method 1), in analogy with the method used by Michaelis standing to be mounted were found to show metestrous bleeding 2 to 3 days later.
The available profiles were subdivided based on the presence of abnormalities detected by 1 9 1 ultrasonography. Because in one case an abnormality occurred at the end of the trial, that profile 1 9 2 was split up in two parts, either or not associated with the detected abnormality, and therefore 1 9 3 included in the analysis twice. In this way, 33 normal profiles and 6 profiles from cows suffering 1 9 4 from fertility issues were used to validate the developed system, originating from the 38 different 1 9 5 cows. P4 data of 50.3±4.7 days per profile was included in the analysis. On farm, the system 1 9 6 would start sampling in the postpartum phase, and the system is designed accordingly. However, 1 9 7 because we sampled cows which were already cycling, none of the available profiles started in 1 9 8 this first phase and the data of the incomplete cycle preceding the first follicular phase had to be 1 9 9 discarded. As a result, P4 data from 3.5±3.9 days were excluded from the analysis. This is not a 2 0 0 requisite for an online system, as on-farm monitoring can be initiated in the postpartum anestrus In total, 35 estruses were detected manually using the reference methodology also shown 2 0 3
in Table 1 . In 12 cases, both reference methods confirmed estrus. Twenty times only method 1 2 0 4 using ultrasonography counted (M1: uterus tonus, preovulatory follicle, CL), while the other 3 2 0 5 cases were observed by method 2 (M2: standing heat). Metestrous bleeding was noticed in 69% 2 0 6 of the cases. From the 6 cows for which one or more fertility problems were detected, one cow 2 0 7 first had a luteal cyst, which evaded spontaneously at the end of the trial. Another one was 2 0 8 treated first for a follicular cyst and developed a luteal cyst hereafter. In 3 cows, a follicular cyst 2 0 9 was identified and one animal displayed anestrus after showing a normal estrous cycle. In Adriaens et al. (2017), a model to characterize the P4 cycle was established, using a 2 1 3 combination of two sigmoidal functions, together referred to as 'full model' (eq. 1). Each increasing part of a cycle, corresponding to the growth of a CL associated with an increase 2 1 8 in P4, is described by a Hill function. The decreasing part associated with luteolysis can be 2 1 9 characterized by a Gompertz function. b 0 is the baseline P4 concentration when no CL is present. an on-line, on-farm system, this will be or the calving moment, or the moment a new cycle starts 2 2 4 after luteolysis. For an elaborate description of the model and its parameters and how these
functions were chosen, we refer to Adriaens et al. (2017) . Besides the full model describing the 2 2 6
P4 estrous cycle, the other stages of the reproduction cycles can also be identified using P4 and 2 2 7
as such, this model can be incorporated in a system to monitor the fertility status online. A 2 2 8 general overview of this online system is given in Figure 1 . So, the inputs for the online 2 2 9
monitoring system are the raw P4 values, from which four different stages can be deduced.
Additional inputs are moment of parturition and inseminations. (1) STAGE 1 = postpartum anestrus: After calving, P4 is produced only by the adrenal gland 2 3 2 cortex, resulting in a low and constant basal milk P4 level, described as such by a (2) STAGE 2 = luteal phase: With the onset of follicular activity, a dominant follicle will be 2 3 5
selected and ovulates. The remaining theca and granulosa cells on the ovary form the corresponding increase in milk P4 from basal to luteal levels is described by an follicle can develop further towards a preovulatory stadium and consequently ovulate.
3
In stage 2, the model is only allowed to describe the increase in P4 during luteal 2 7 0 development. Onset of stage 3 (i.e. P4 decrease preceding estrus) of the abovementioned process 2 7 1 requires reliable detection of luteolysis and is the key part of the developed system. Therefore, its 2 7 2 principles are elucidated in Figure 2 where the different steps are presented. In general, we on the moving range of successive measurements. However, we modified it to suit the need of 2 7 6 detecting luteolysis, while being able to cope with the differing variability of the P4 2 7 7 measurements and possible outliers, and the large biological variation in the cycle characteristics. Overall, the CC consists of an upper (UCL) and lower (LCL) control limit, respectively given in 2 7 9 eq. 2 and 3. These UCL and LCL are calculated initially on a training period as described below observations j and j-1 given in eq. 4. the corrected residuals would make the CC too sensitive, e.g. due to saturation at very high P4 2 9 1 concentrations. correction factor is included to account for the unequal variance in the P4 data which is typically 2 9 6
proportional with the P4 level (see also Friggens et al., 2008; Adriaens et al., 2017) . The constant 2 9 7
"1" was added to avoid the denominator being smaller than one, which would cause a large 2 9 8 unbalance in the data. To make the concept more clear, the concrete steps are represented in fixed initiation period control limits are updated if necessary. step is repeated as shown in panel a). needed for data to be used in a CC, namely homoscedasticity, normality, stationarity and the 3 2 2 absence of significant autocorrelation. Especially, the homoscedasticity requirement (i.e. constant variance) is affected by the correction factor. In Figure 3 , the raw residuals are shown as around zero. Stationarity is proven by the fact that none of the time-series of online corrected 3 3 0 residuals had an intercept nor slope significantly different from zero (average p-value = 0.404).
1
The Anderson-Darling test pointed out that for none of the cows, the corrected residuals were 20.9±6.1 ng/mL, which is in accordance with the profile characteristics reported by Blavy et al. the P4 level increases from a mean baseline of 1.9 ng/mL to a mean maximal level of 4 0 7 20.9 ng/mL is on average 6.05 days. In contrast, the time in which the P4 level drops from Although good results were obtained with the PMASC, the following aspects of the 4 1 2 methodology might need further investigation and optimization: (1) the apparently arbitrary use cycles. When after a certain period luteal activity properly starts, the model parameters will adapt concentration of this cow was rather unstable, reflected in the high variability in the 5 0 0 measurements during the luteal cystic phase, the system was able to identify the correct overall In total, from the 5 follicular cysts detected during the trials, 3 were preceded by 5 0 4 luteolysis and indicated by the monitoring system. For the other 2, the cyst was already present at 5 0 5 the start of the trial and the proceeding luteolysis was outside the range of the dataset. Two luteal 5 0 6 cysts were detected from which one evolved to a follicular cyst spontaneously (serum-P4 went 5 0 7 from 4.6 ng/mL to 0.2 ng/mL). An overview of these cases is given in Table 3 . quality of the CL. As seen in Figure 4 , an irregular pattern of the milk P4 is noted. Several in-control measurement, they do not trigger the alarm for luteolysis. It seems likely that our 5 1 9 system reacts more quickly and sensitively on actual P4 concentration changes compared to 5 2 0 smoothing techniques. However, because most fertility problems affect the P4 profile on a long 5 2 1 term, the real effect on detection rates should be further investigated by involving more cases and We developed an innovative system for dairy cow fertility monitoring based on milk P4.
2 8
This system is an alternative for the currently used filtering techniques and fixed thresholds for approach is rather straightforward, it allows the implementation in an online monitoring system 5 3 4
for on-farm use. Additional research is required to optimize sampling frequency, clarify the link 5 3 5
between the model characteristics and the occurrence of abnormalities and to investigate the 5 3 6 exact relation between the P4 profile and the time of ovulation. post-insemination progesterone profiles and insemination outcomes determined by an in-5 5 8 line milk analysis system in primiparous and multiparous Canadian Holstein cows.
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